The Na þ -K þ -2Cl À cotransporter 1 (NKCC1) is upregulated in diverse models of hypertension. We hypothesized that NKCC1 is upregulated via histone modification in the aortas of angiotensin II (Ang II)-induced hypertensive rats. An osmotic mini-pump containing Ang II was implanted in the subcutaneous tissues of the backs of Sprague-Dawley (SD) rats for 7 days. The systolic blood pressure was recorded every day by the tail-cuff method. On days 3 and 7, the mesenteric arteries were excised, cut into rings, mounted in organ baths and subjected to vascular contraction. The levels of Nkcc1 mRNA and protein in the aortas were measured using real-time PCR and Western blotting, respectively. The histone modifications and recruited proteins at the Nkcc1 promoter were determined by chromatin immunoprecipitation. The inhibition of concentration-response curves to phenylephrine by bumetanide, an inhibitor of NKCCs, was greater in Ang II-infused rats than in sham-operated (sham) rats . The levels of Nkcc1 mRNA and protein in the aortas increased gradually as Ang II was infused into the rats. Acetylated histone H3 (H3Ac), an activating histone code, was increased but trimethylated histone H3 at lysine 27 (H3K27me3), a repressive histone code, was greatly decreased in Ang II-infused rats compared with sham. RNA polymerase II was recruited to the Nkcc1 promoter with increased KDM6b. We conclude that the NKCC1 is upregulated via histone modification in the aortas of Ang II-induced hypertensive rats. Thus, we suggest that this ion transporter is epigenetically upregulated by histone modification or DNA demethylation upon the development of hypertension.
INTRODUCTION
The Na þ -K þ -2Cl À cotransporter (NKCC) belongs to the superfamily of cation-coupled Cl À cotransporters and acts as an electroneutral symporter of one Na þ , 1K þ and two Cl À . 1 There are two isoforms of the cotransporter in mammals: NKCC1 is expressed in most cells, including vascular smooth muscle cells, endothelial cells, cardiomyocytes, neurons, glial cells and blood cells, whereas NKCC2, a kidney-specific isoform, is exclusively expressed in the apical membranes of the thick ascending limb and macula densa and has a major role in renal handling of salt. 1 NKCC1 has a role in the regulation of blood pressure (BP), including the maintenance of cell volume and vascular tone. 2, 3 Although it is unclear whether the upregulation of NKCC1 is a cause or an effect of high BP, it is clear that NKCC1 is implicated in the maintenance of vascular tone in vivo. The intravenous infusion of bumetanide, a specific NKCC inhibitor, causes a rapid reduction in the mean arterial BP and vascular tone in resistance arteries, which is abolished in Nkcc1 À/ À mice. 4 Bumetanide also inhibits contractions and myogenic tone in mesenteric arteries isolated from wild-type mice but not from Nkcc1 À/ À mice. 5 The BP of Nkcc1 À/ À mice is more sensitive to an increase or decrease in sodium intake. 6 In addition, the expression or activity of NKCC1 is upregulated in a variety of hypertensive models. 4, [7] [8] [9] [10] angiotensin II (Ang II) increases the activity of cation-coupled Cl À cotransporters, including NKCC1, through STE20/SPS1-related proline/alanine-rich kinase. 11 However, the mechanism by which Ang II stimulates NKCC1 is not yet clear.
Recently, we reported that the Nkcc1 promoter is hypomethylated in the aortas and hearts of established spontaneously hypertensive rats compared with normotensive Wistar Kyoto rats and that promoter hypomethylation upregulates the expression of NKCC1. 12 Furthermore, the maintenance of hypomethylation at the Nkcc1 promoter resulting from low DNA methyltransferase activity has an important role in the upregulation of NKCC1 during the development of spontaneous hypertension. 13 Because the Nkcc1 promoter region in the aortas of SD rats is almost unmethylated, histone modification is another plausible epigenetic mechanism for the upregulation of Nkcc1 expression during a BP increase. We tested the hypothesis that NKCC1 is upregulated via histone modification in the aortas of Ang II-induced hypertensive SD rats.
METHODS

Implantation of the osmotic pump
The investigation was conducted in accordance with the Guide for the Care and Use of Laboratory Animals in Kyungpook National University School of Medicine (Supplementary Figure S1) . All efforts were made to minimize both the number of animals used and their suffering. Male SD rats weighing 350-400 g were used. Under anesthesia with intraperitoneal injection of ketamine 80 mg kg À1 and xylazine 10 mg kg À1 , osmotic mini-pumps (Alzet model 2002; Alza Corp, Palo Alto, CA, USA) containing Ang II (infusion rate 0.7 mg kg À1 per day) in saline or vehicle alone were implanted subcutaneously in the midscapular region. The rats were euthanized after 3 and 7 days. The aortas were excised and stored at À80 1C until further analysis.
BP measurement
The systolic BPs were measured by the tail-cuff method using a non-invasive BP controller system (ADInstruments Pty Ltd, Castle Hill, NSW, Australia). Six measurements were obtained and averaged from each rat, which was placed on a warming blanket (37 1C).
Tension measurement from mesenteric arterial rings
The mesentery bed was removed and the first branches of the mesenteric arteries were used for experiments. The experiments were performed as previously described. 14 Quantitative real-time (RT) reverse transcriptase PCR RNA was extracted using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's recommendations. Total RNA (2 mg) was reverse-transcribed into cDNA using RevertAid first strand cDNA synthesis (Fermentas, Glen Burnie, MD, USA). RT-PCR was performed using SYBR Green PCR master mix (TaKaRa, Otsu, Shiga, Japan) and an ABI Prism 7000 sequence detection system (Applied Biosystems, Foster City, CA, USA). The relative mRNA expression level was determined by calculating the values of D cycle threshold (DCt) by normalizing the average Ct value compared with its endogenous control (Gapdh) and then calculating 2 ÀDDCt . 15 The primer sets used in the RT-PCR were as follows:
Protein extraction and western blotting
The frozen tissues were homogenized in radioimmunoprecipitation assay buffer containing protease inhibitors. Western blot analysis was performed as previously described. 12 The expression levels were quantified by optical densitometry using ImageJ software (http:// rsbweb.nih.gov).
Chromatin immunoprecipitation (ChIP) assay
ChIP analysis was performed using EZ ChIP (Upstate Biotechnology, Lake Placid, NY, USA) according to the manufacturer's protocols with certain modifications. Anti-polymerase II (Pol II), anti-H3Ac and anti-H3K9me2 antibodies were obtained from Upstate Biotechnology. Anti-H3K4me3, antiH3K27me3 and anti-KDM6b were obtained from Abcam (Cambridge, UK).
Anti-BMI-1 was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). DNA fragments were amplified using PCR. The quantitative RT-PCR values were normalized by that of the corresponding input. The primer set that was used in the PCR is as follows:
Drugs
The drugs and chemicals were obtained from the following sources: phenylephrine, N G -nitro-L -arginine methyl ester ( L -NAME) and Ang II from Sigma Chemicals (St Louis, MO, USA) and bumetanide from Calbiochem (La Jolla, CA, USA). A stock solution of phenylephrine and L -NAME was prepared in double-distilled water, Ang II was prepared in 0.9% NaCl and bumetanide was prepared in dimethyl sulfoxide. All other reagents were analytical grade.
Statistical analysis
The data are expressed as the mean±s.e. of the mean (s.e.m.) and were analyzed by repeated measures analysis of variance followed by a post-hoc Duncan test for tension measurement or analysis of variance followed by a post-hoc Duncan test to compare the expression level of NKCC1 or other genes. A P-value o0.05 was considered to be statistically significant.
RESULTS
Effect of bumetanide on the concentration-response curves to phenylephrine in the mesenteric arteries of sham-operated (sham) rats and Ang II-infused rats There were significant differences between the sham and the Ang II-infused rats with respect to the contractile response induced by phenylephrine. On days 3 and 7, bumetanide significantly reduced the isometric force response to phenylephrine in Ang II-infused rats (Figures 1b and c) compared with sham ( Figure 1a) . EC 50 and E max on days 3 and 7 were lower in Ang II-infused rats than in sham ( Table 1) .
Expression of Nkcc1 mRNA and protein in aortas from sham and Ang II-infused rats To confirm whether the expression level of NKCC1 was different between sham and Ang II-infused rats during BP increase, we performed quantitative RT-PCR and Western blotting using aortas. There were gradual increases of both Nkcc1 mRNA ( Figure 2a ) and protein ( Figure 2b ) in Ang II-infused rats. On day 7, the levels of Nkcc1 mRNA and protein in Ang II-infused rats were higher than those in sham ( Figure 2 ).
Histone modifications in sham and Ang II-infused rats
To determine whether there were changes in the covalent modifications on histones in the Nkcc1 promoter region ( À367 to þ 48) during BP increase, we performed ChIP analysis with various antibodies. The Ang II-infused rats showed increased acetylated histone H3, which is an activation mark of gene expression, in the Nkcc1 promoter region (Figure 3a) . Trimethylated H3 at lysine 4, which is another activation mark of gene expression, was not different between the sham and Ang II-infused rats (Figure 3b ). On day 7, dimethylated histone H3 at lysine 9, which is a suppressive mark of gene expression, had a tendency to be decreased in Ang II-infused rats compared with sham ( Figure 3c ). In addition, trimethylated histone H3 at lysine 27, which is also a suppressive mark of gene expression, showed a gradual and profound decrease in Ang II-infused rats (Figure 3d ).
Expression of histone methyltransferase or demethylase in sham and Ang II-infused rats
To further validate our ChIP analysis results, the expression levels of H3K27 methyltransferase (enhancer of zeste homolog 2 (Ezh2)) and H3K27 demethylase (lysine-specific demethylase 6b (Kdm6b)) were analyzed using RT-PCR. The expression levels of Ezh2 mRNA exhibited no significant difference, whereas the levels of Kdm6b mRNA were significantly increased in Ang II-infused rats compared with sham (Figures 4a and b) . Recruitment of BMI-1, KDM6b, or RNA Pol II in the Nkcc1 promoter region in sham and Ang II-infused rats To determine the promoter activity of Nkcc1 during BP increase, we assessed the recruitment of BMI-1, KDM6b or RNA Pol II to the Nkcc1 promoter region. BMI-1, which is a component of polycomb repressive complex 1 (PRC1), was decreased, whereas KDM6b and Pol II were enriched in the Nkcc1 promoter region of Ang II-infused rats compared with sham ( Figures  4c and d) .
DISCUSSION
This study demonstrates that the NKCC1 is upregulated via histone modification in the aortas of Ang II-induced hypertensive rats. Acetylated histone H3 (H3Ac) was increased but trimethylated histone H3 at lysine 27 (H3K27me3) was greatly decreased in Ang II-infused hypertensive rats compared with sham. H3K27 demethylase, a lysine-specific demethylase 6b (Kdm6b), showed a gradual increase in Ang II-infused rats, whereas H3K27 methyltransferase, enhancer of zeste homolog 2 (Ezh2), was not significantly different between sham and Ang II-infused rats. Furthermore, RNA Pol II was highly associated with the promoter region of Nkcc1 in Ang II-infused rats.
H3K27me3 in the promoter region of Nkcc1 decreased as BP increased (Figure 3d ). Increased Kdm6b may lead to the demethylation of H3K27me3 (Figure 4b) . A study also revealed that the ectopic expression of KDM6b strongly decreased H3K27me3 levels and caused the delocalization of polycomb proteins in vivo. 16 Acetylated histone H3 (H3Ac) was increased in Ang II-infused hypertensive rats. Meanwhile, other modifications of the histone tails, such as the methylation of H3K4 and H3K9, did not change significantly between the sham and Ang II-infused rats (Figure 3) . These data were supported by the fact that the expression levels of absent, small or homeotic 2-like (Ash2l), a subunit of the H3K4 methyltransferase complex, and the euchromatin histone-lysine N-methyltransferase 2 (Ehmt2), an H3K9 methyltransferase, did not change during BP rise (Supplementary Figure 2) . The increase in BP may affect the status of H3K27 methylation in the promoter region of Nkcc1. At present, however, we do not know whether histone modifications are caused by oxidative stress, high BP (BP), or related changes or directly through the activation of Ang II receptors(Supplementary Figure S3) . Nevertheless, the decreased recruitment of BMI-1 and enrichment of KDM6B and RNA Pol II at the Nkcc1 promoter may lead to an increased transcriptional level of the Nkcc1 gene (Figures 4c and d) .
Epigenetic modifications are defined as heritable alterations in gene expression patterns without changes in the DNA sequences. 17 Among the epigenetic modifications, the modifications of histone tails, such as acetylation, methylation and phosphorylation, have important roles in regulating various processes, including the replication, repair and transcription of DNA. 18 Histone H3K27 is acetylated or methylated at three different levels (mono-, di-and trimethylation) in the chromatin. 19, 20 Acetylated and monomethylated H3K27 are found broadly in euchromatin, whereas di-and trimethylated H3K27 are excluded from active promoters. 21 Methylated H3K27 is recognized by chromodomain-containing proteins, such as PRC. 22 PRC1 and PRC2 are implicated in H3K27 hypermethylation, which is associated with transcriptional silencing. 23 BMI-1-containing PRC1 is recruited to chromatin marked with H3K27me3, resulting in gene silencing through the ubiquitylation of H2A followed by chromatin compaction. 24, 25 Kdm6b selectively catalyzes the demethylation of H3K27me3 and H3K27me2 to H3K27me1 without any enzymatic activities on other methylated lysines. 16, 26 Recently, our group reported that CpG hypermethylation on the Nkcc1 promoter reduced its transcription in the cerebral cortex 27 and in areas of the cardiovascular system, such as the aorta and heart, in normotensive rats. 12 Treatment with 5-aza-cytidine, an inhibitor of DNA methyltransferase, or trichostatin A, an inhibitor of histone deacetylase, upregulated its transcription in the cerebral cortex during postnatal maturation. 27 In this study, however, the Nkcc1 promoter in SD rats was mostly unmethylated, indicating that the methylation status of the promoter shows species and tissue specificity.
In a bicarbonate-free medium, the elevation of the bumetanide concentration from 10 to 100 mmol l À1 sharply suppressed the contraction of endothelium-denuded rat aortas 3, 28 and mouse mesenteric arteries 29 evoked by phenylephrine. These data are consistent with our observations that pretreatment with bumetanide inhibited the vascular contraction of rat mesenteric arteries incubated with N G -nitro-L -arginine methyl ester ( L -NAME), a nitric oxide synthase inhibitor. Bumetanide attenuated the E max in the mesenteric arteries of Ang II-infused rats to a greater degree than in those of sham ( Figure 1 and Table 1 ). The fact that the vascular tissues of Ang II-infused rats are more sensitive to bumetanide than those of sham indicates that the vascular tissues of Ang II-infused rats have a higher expression level of NKCC1 than those of sham. On day 3, although the level of the NKCC1 protein was not increased, phenylephrine-induced vasoconstriction was significantly inhibited by bumetanide in the mesenteric arteries of Ang II-infused rats compared with sham. It is well known that NKCC1 activity is regulated by the diverse signaling pathways, including the recently discovered with no lysine (WNK) kinase family. 30 The increased sensitivity to bumetanide may be caused by the activation of NKCC1 by protein kinases, such as SPS1-related proline/alaninerich kinase. 31 There are five putative Sp1-binding sites in the Nkcc1 promoter (http://www.cbrc.jp/research/db/TFSEARCH.html). The transcription factor Sp1 positively regulates target gene expression upon BP rise in vascular smooth muscle cells. 32 After the demethylation of H3K27me3, Sp1 that is recruited to the promoter may lead to positive regulation of the Nkcc1 gene with co-activators such as histone acetyltransferases in hypertensive rats. Although Ang II increased the histone acetylation for IGF-IIreceptor gene expression, 33 it is still not clear whether the upregulation of the Nkcc1 gene promoter activity is caused by indirect mechanisms downstream of Ang II, such as oxidative stress and high BP, or by a direct mechanism through the activation of Ang II receptors. This question is very substantial and should be resolved in a future study.
In conclusion, our results indicate that NKCC1 is upregulated via histone modification in the aortas of Ang II-induced hypertensive rats. Nonetheless, these findings imply that the ion transporter has an important role during the development of hypertension. NKCC1 regulation by histone modification or DNA methylation may serve as a potential biomarker in the diagnosis and management of hypertension.
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